The highly efficient base-catalyzed thiol-epoxy reactions were exploited in dispersion polymerizations as a simple method for the preparation of uniform and cross-linked particles with a tunable size, glass transition temperature (T g ) and network structure. Particles with sizes ranging from 1 mm to 3 mm could be obtained by varying monomer concentration and reaction medium, while the T g s could be increased from À10
Introduction
The preparation and design of polymer particles have drawn signicant attention because of their wide applicability in the elds of coatings, separation, photonic crystals and catalyst immobilization, resulting from their tunable size, functionality and surface area. [1] [2] [3] [4] In the last decades, many methods were developed for particle preparation, such as suspension, emulsion, precipitation and dispersion polymerization. 5 However, the chemistry for particle preparation was mainly limited to a radical chain growth of styrenic and acrylic monomers, which is prone to inhibition by oxygen and usually requires a high energy input (e.g. heat or UV-radiation) during initiation and polymerization. 5 Furthermore, a long reaction time is always required for this kind of particle preparation. Thus, developing fast and energy-efficient reactions for the preparation of polymer particles is an important goal for both academia and industry.
In order to reach this goal, great efforts have been devoted to efficient step-growth poly-additions, such as the production of polyurethane particles via the reaction of a diisocyanate and a diol. 6 Another example involves the introduction of azidealkyne click chemistry to interfacial polymerizations by Landfester and co-workers to prepare nano-capsules efficiently.
7,8
While oxygen inhibition is successfully eliminated in these systems, they are still restricted by possible side reactions, lose control of polymerization and limited commercially available monomers. Therefore, the focus has recently shied to thiol-X reactions for the preparation of polymer particles and capsules, which also tolerate oxygen while they typically proceed efficiently under mild conditions. 9 Thiol-ene reactions, for example, gradually revealed their great potential in polymer synthesis and heterogeneous polymerizations. 10, 11 Since the rst report of Du Prez and co-workers on the preparation of functional polymer beads via thiol-ene/yne chemistry in a microuidic setup, 12 both the nucleophilic thiol-Michael and radicalmediated thiol-ene additions were applied to fabricate polymer particles via suspensions, [13] [14] [15] [16] [17] [18] emulsions, 19, 20 mini-emulsions, [21] [22] [23] [24] [25] Pickering emulsion, 26 dispersions, [27] [28] [29] [30] [31] [32] microuidics. 12, 33, 34 Very recently, thiol-isocyanate reactions have also been implemented to prepare particles and capsules by our group as well as by Ethirajan and co-workers. [35] [36] [37] [38] The main advantage of using thiol-Michael and thiol-isocyanate reactions over the radical hydrothiolation is the possibility to introduce functionalities that are not compatible with a radical environment, as well as a lower energy input because no UV-irradiation is required.
Similarly to thiol-Michael and thiol-isocyanate reactions, the thiol-epoxy reaction is a simple nucleophilic ring-opening reaction to yield b-hydroxythio-ethers. This addition is catalyzed by a base, which generates a thiolate anion that opens the epoxide ring via an S N 2-type mechanism.
39, 40 Although the thiol-epoxy reaction has been extensively studied and many reports discuss the broad applicability in polymer science, 41-54 the use of this reaction in heterogeneous system has not drawn attention of academia or industry yet. Nevertheless, multiple reasons suggest that the thiol-epoxy reactions is an excellent candidate for particle preparation in heterogeneous system. Firstly, the aforementioned benign characteristics make the preparation process simple, efficient and easy to handle. Secondly, the reaction is catalyzed by a strong base rather than initiated by UV-irradiation or heat, leading to a simple control of the reaction. Furthermore, a wide range of organic and inorganic bases were proven to be efficient catalysts, which can be easily dispersed in various reaction media. Finally, readily available starting materials allow large-scale fabrication at low cost.
This work reports on the rst application of thiol-epoxy reactions for the fabrication of polymeric particles via dispersion polymerization. Uniform, functional and cross-linked particles can be obtained in a one-pot dispersion polymerization, while the size, morphology and T g can be easily adjusted by varying the type or amount of monomer, or the reaction medium. Furthermore, we demonstrated that the polymer backbone can be modied by quantitative and selective oxidation of the generated thioethers to sulfoxides or sulfones, which addressed the main disadvantages of thioethers: insufficient rigidity and low T g . Finally, the cross-linked particles, containing both b-hydroxythioethers and ester groups, are able to be recycled and reprocessed when a suitable catalyst is added.
Experiment and characterizations

Materials
Pentaerythritol tetra (3- Fig. 1 .
Preparation of the thiol-epoxy-based particles
The particles were prepared via one-step dispersion polymerization via the typical procedure. A stoichiometric amount of thiol and epoxide-containing monomers (2.0 g TMTGE and 2.7 g PETMP), PVP (3.0 g) and 2-propanol (100 g) were added to a 250 mL round bottom ask under shaking or gentle stirring to form a clear and homogeneous solution. DBU (0.3 mL) was added to the solution, and dissolved immediately. Then, the mixture turned milky aer several minutes, and the reaction was kept overnight to obtain a full conversion. Finally, the particles were collected by centrifuging the dispersion and washing subsequently with ethanol and water to remove the PVP and unreacted monomers. For the preparation of alkyne functionalized particles, PA (0.11 g), TMTGE (0.90 g), PETMP(1.33 g), PVP (2.0 g) and 2-propanol (50 g) were added to a 100 mL round bottom ask and polymerized using the same conditions and procedure as described above. As for uorescent labeled particles, FITC (5 mg), TMTGE (1.0 g), PETMP(1.33 g), PVP (2.0 g) and 2-propanol (50 g) were added to a 100 mL round bottom ask and polymerized using the same conditions and procedure as described above.
Characterizations SEM (scanning electron microscope): SEM images and EDS (energy dispersive spectrometer) spectra were recorded on a Zeiss Merlin Compact. The dispersion of particles was cast on a silicon wafer, air dried and coated with a layer of Pt before imaging. The average size and C.V. (coefficient of variation) of particles were obtained by counting at least 100 particles from the SEM images.
FTIR (Fourier transform infrared spectroscopy): FTIR spectra of particles and monomers were obtained from Bruker Tensor 27 through a transmission model, and the powder sample for FTIR were just washed and air-dried. DSC (differential scanning calorimetry) was performed on a Mettler Toledo DSC1 calorimeter under a nitrogen ow at a heating rate of 10 C min À1 .
The uorescence images of FITC-labelled particles were visualized with a uorescence microscope (Nikon 80i).
XPS (X-ray photoelectron spectroscopy) spectra were measured on a Kratos AXIS Ultra DLD XPS (Kratos, UK) with a monochromatic Al Ka X-ray source to detect the elemental composition of the particles. The shis of binding energy of XPS curves were corrected by calibration on the lowest C 1s peak at 284.6 eV as a reference.
Results and discussions
Preparation of cross-linked particles
In order to obtain uniform particles, catalyst type and reaction media were optimized in advance. Because extensive studies have demonstrated that LiOH, TBAF, DBU and TBD could all be applied as catalysts for thiol-epoxy reactions, [41] [42] [43] their catalytic effect in dispersion polymerizations was investigated in this work. LiOH dissolved very little in organic solvents, and a signicant amount of water (>10%) was usually required. However, aggregates instead of particles were obtained when water was added to the system, and the possible reasons were as follows: the limited solubility of thiol and epoxy monomers in alcohols solvent, and water made the solubility even worse. The poor solubility leaded to inhomogeneous solution at the initial stage and unstable nucleation. As for TBAF, a high catalyst content (>20 mol%) was necessary for quantitative conversion, while TBAF was commericially available as a 75% aqueous solution. Therefore, TBAF was not a good candidate either for thiol-epoxy dispersion polymerizations. Interestingly, when TBD was adopted as catalyst, the solution became initially turbid and milky, but turned clear eventually. The reason for this phenomenon will be discussed below. Nevertheless, TBD was a solid and needed some seconds to dissolve in the medium, while the catalytic efficiency was too high for thiolepoxy reactions, so it could not to be dispersed uniformly before turning turbid and aggregates were formed. DBU acted as an ideal catalyst for thiol-epoxy dispersion polymerization, both for its high efficiency and from a practical point of view, and was thus was selected as the prefered catalyst in this work. As for reaction media, methanol and ethanol were the most commonly used solvents for dispersion polymerizations, so they are rstly adopted in this work. However, the limit solubility of thiol and epoxy monomer as well as the polymer chains in methanol or ethanol resulted in inhomogeneous solution at initial stage and unstable nucleation in polymerization stage. As a result, no regular particles were obtained. Fortunately, uniform particles were fabricated when iPA was selected as model medium.
Polymer particles were prepared via thiol-epoxy dispersion polymerization, as shown in Fig. 2 . Initially, multivalent thiol and epoxy monomers were dissolved together with poly(Nvinylpyrrolidone) (PVP) in isopropyl alcohol (iPA) to form a clear solution, where PVP and iPA served as stabilizer and reaction medium, respectively. As mentioned above, a strong base is required as the catalyst for the thiol-epoxy reaction. Therefore, DBU was added to the solution to deprotonate the thiol monomers, which could subsequently react with the epoxides via an S N 2 type mechanism, i.e. at the less hindered side of the epoxide ring, nally generating hydroxythioether linkages through proton transfer. As the polymerization proceeded, the growing hydroxythioether chains could not dissolve in iPA and started to precipitate, which served as the primary nuclei of polymer particles. Aer the continues attachment and deposition of propagating polymer chains on the surface of nuclei, uniform particles were nally obtained when a high/full conversion reached. The complete fabrication process is triggered by the addition of the amine catalyst and occurred at room temperature without any other energy input such as UVirradiation or even stirring.
The morphology, size distribution, FTIR spectra and DSC trace of the particles obtained via a typical experiment, as described in the experimental section, are shown in Fig. 3 . The particles show a well-dened spherical morphology (Fig. 3A) , without the formation of aggregates and with a relatively narrow size distribution around an average diameter of 4.18 mm and C.V. of 8.5% (Fig. 3B) . Meanwhile, the structure and high conversion could be veried by FTIR (Fig. 3C ) because both the peaks at 2570 cm À1 and 908 cm À1 of monomer mixture, corresponding to the thiol and epoxide, respectively, were absent in the spectrum of particles. As seen in the DSC trace (Fig. 3D) , the particles had a relatively low T g ($À10 C) as a result of the exible hydroxythioether linkages. However, they could only be dispersed and swelled in many organic solvents without dissolving or coagulating, while retaining a good spherical shape.
Effect of stabilizer, monomer, catalyst and solvent on the particle size, morphology and thermal properties Particles prepared by dispersion polymerization generally undergo a "nucleation stage" and a "particle growing stage", while the boundary between the two stages is the phase transition from a homogeneous system to a turbid solution. It is quite difficult to prepare functional cross-linked particles via a chain-growth dispersion polymerization, because even the preparation of particles with a low cross-linking density (crosslinker < 5%) or functional particles (functional monomers < 5%) typically requires several steps. The reason is that cross-linkers or functional monomers make the nucleation stage unstable, and aggregates are formed instead. Nevertheless, cross-linked particles were easily obtained via the thiol-epoxy dispersion polymerization as a result of its step-growth nature. In order to get an in-depth knowledge of this method, the effects of many factors including monomer concentration, stabilizer concentration, catalyst loading and monomer type on the size, morphology and thermal properties of the particles were systemically investigated. Firstly, particles were prepared in a constant amount of iPA (100 g), PVP (3.0 g) and DBU (0.5 mL), to which different amounts of monomers were added. As shown in Fig. 4 and Table S1 , † the average diameter of particles increased from 0.94 mm to 3.02 mm, while a tendency of high yields and excellent spherical morphology was observed, when the monomer concentration increased from 1.15 wt% to 11.5 wt%. This phenomenon might be explained by the critical chain length and number of particles in the nucleation stage, i.e. (i) solubility of the polymer chain increases with increasing the monomersolvent ratio, (ii) higher monomer concentrations will make the critical chain length become longer and decrease number of particles in the nucleation stage. Consequently, higher monomer concentrations resulted in a larger particle size. This hypothesis was further veried by the particles prepared with different concentrations of catalyst (DBU) or stabilizer (PVP), as depicted in Fig. S1 and S2 in ESI, † respectively, which show a fairly constant particle size and similar yields as a function of the DBU or PVP concentration. Nevertheless, a minimal amount of DBU was required for an efficient polymerization, because a low concentration of catalyst resulted in some adhesion among particles. As soon as the dilution of the monomers is approaching the solubility limit of the polyhydroxythioether, a vague boundary and low yield was observed between the particles (Fig. 4A) , while a further dilution prevented the nucleation and thereby did not yield any particles.
In the next step, TGMDA was introduced as a more rigid epoxy monomer compared to the previously applied TMTGE. In fact, addition of N,N-dimethylformamide (DMF) was required to increase the solubility of TGMDA in iPA. Therefore, the effect of the DMF content on particles size was also evaluated, and Fig. 5 displays the SEM images and size variation of particles prepared via TMMP-TGMDA reactions with different volume ratios of DMF. When the ratio of DMF increased from 3% to 30%, the cosolvent provided a better solubility for monomer and the growing polymer chians, which resulted in a delay of the nucleation stage. As a consequence, the number of nuclei decreased, and the average diameter naturally increased from 1.6 mm to 2.9 mm. At the same time, the C.V. decreased significantly with the ratio of DMF, and only aggregation was obtained when the ratio of DMF exceeded 40%.
As shown in Fig. 6 , the T g of the polymeric particles could be adjusted by utilizing different thiol and epoxide monomers. As a result of the many thioether linkages, as well as the exible multivalent epoxide, particles prepared with TMTGE had a low T g of approximately À10
C (vide supra). By using the more rigid multivalent epoxides that introduced aromatic and aliphatic rings, on the other hand, particles could be obtained with a T g of up to 65 C. .7 g) (D) (6.9 g) (E) (9.3 g) (F) (11.5 g). Condition used: PVP (3.0 g), 2-propanol (100 g), DBU (0.5 mL) and the reaction lasted overnight without stirring. The size distribution was inserted.
Feasibility of selective oxidization of hydroxythioether to sulfoxides/sulfones
While the T g of the obtained particles can be improved by increasing the rigidity in the applied monomers, as discussed above, the exible hydroxythioethers will always have a negative inuence, thereby limiting the applications. Therefore, a postpolymerisation modication to achieve materials with a high T g is highly desired. Recently, Tew, Bowman and co-workers have demonstrated that thioethers can be easily oxidized to sulfoxides or sulfones, which dramatically change the polymer properties, including polarity, rigidity and mechanical properties. 55, 56 Inspired by this concept, we explored the feasibility of oxidation of hydroxythioether to sulfoxides/sulfones and further address the critical limitation of (hydroxy)thioether particles, i.e. insufficient rigidity and exibility.
As shown in Fig. 7 , thioethers can be efficiently oxidized to sulfoxides with only a slow (further) oxidation to sulfones when H 2 O 2 was used as oxidant. On the other hand, m-chloroperbenzoic acid (mCPBA) quickly oxidizes thioethers to their highest oxidative state. 55, 56 First, particles (0.2 g) prepared by TMMP and ERL 4221 were immersed in a solution containing an excess of H 2 O 2 (6 mL) and 6 mL ethanol. Aer stirring the reaction overnight, the oxidized particles were harvested by repeating three cycles of centrifugation and washing with ethanol. For the oxidation with mCPBA, the same procedure as for H 2 O 2 was used, except that the amounts of mCPBA and ethanol were 0.8 g and 20 mL, respectively. The properties and structures of particles aer the oxidation were investigated by DSC, FTIR and XPS and depicted in Fig. 8 . As anticipated, the T g s of the oxidized particles signicantly increased by the oxidative treatment, i.e. from 32 C to 54 C and 81 C when H 2 O 2 and mCPBA were used as oxidants, respectively (Fig. 8A) , while FTIR analysis conrmed the presence of three new peaks aer the oxidation (Fig. 8B) . Two of them (1300 and 1128 cm À1 )
were ascribed to the sulfones, while the third at 1010 cm À1 is characteristic for sulfoxides. 56, 57 In order to compare the intensities, the absorption of the esters at 1730 cm À1 were set as internal reference to eliminate errors of sample concentrations. While a signicant amount of over-oxidation is observed in the case of H 2 O 2 , the FTIR spectra reect the higher oxidative reactivity of mCPBA, yielding predominantly sulfone groups. As depicted in Fig. S3 , † the morphology of oxidized particles kept almost the same as before, because oxidation would increase stiffness and dimensional stability of the particles. The sulfur (2p) XPS spectra (Fig. 8C ) gave a deeper information on the oxidative state of the sulfur atoms in the materials. In this work, there were three possible sulfur species (thioether, sulfoxide and sulfone) with their respective binding energies located at 163.0 eV (thioether), 165.2 eV (sulfoxide) and 167.2 eV (sulfone). 58 It was clear that the peak of particles oxidized by mCPBA is mainly located at the region of sulfones, and only a small part can be ascribed to sulfoxides. At the same time, the peak of particles oxidized by H 2 O 2 , ranging from 163.4 eV to 168.5 eV, indicated the presence of both sulfoxide and sulfone, which conrms the FTIR analysis discussed above. In summary, the exible thioether links in the produced particles can be easily oxidized to more rigid sulfoxides or sulfones using cheap and commercially available oxidants, which signicantly enhances the accompanying material properties. 
Feasibility of remolding and reprocessing of particles based on transesterication
As mentioned above, the solution of TBD-catalyzed TMMP-TMTGE dispersion polymerization in ethanol became initially turbid but eventually turned clear again, as shown in Fig. S4 . † To our surprise, both the thiol and epoxy groups were almost quantitatively consumed, as judged from FTIR analysis (Fig. S5 †) . Nevertheless, TBD is a well-known and highly effective catalyst of transesterication, while the obtained polymer contains a large amount of ester functionalities, introduced from TMMP, and secondary hydroxyl groups as a result of the epoxide ring opening. Moreover, the polymer is suspended in a medium of primary alcohols. Very recently, the group of Bowman demonstrated that TBD promotes the transesterication between secondary hydroxyl and ester groups at elevated temperatures, resulting in a network with vitrimer properties. 59 Therefore, a plausible explanation for the apparent solubility of our network, is the TBD-catalyzed alcoholysis of the TMMP-TMTGE particles into low molecular weight compounds, as shown in Fig. 9 .
The hypothesis of a TBD-catalyzed transesterication, as described above, was veried by attempting to either redissolve or remold ethanol-free TMMP-TMTGE particles. To this end, particles (1.0 g) and TBD (0.1 g) were dispersed in ethanol (15 mL) to obtain a turbid suspension (Fig. 10A) . Aer 3 hours at room temperature, the particles were completely dissolved, forming a clear solution (Fig. 10B and C) , which indicates that ethanol was indeed involved in transesterications, which cuts the cross-linked structures into small and soluble pieces in presence of TBD. The control sample remained unchanged (Fig. 10E) , and the same condition was adopted except ethanol was replaced by acetone. Next, the solution in Fig. 10C was heated in open air to evaporate the ethanol, enabling the dissolved molecules to reform a bulk solid material (Fig. 10D) . Finally, this bulk material could dissolve in ethanol again, which served as a typical solvent-assisted pressure-free method for reprocessing polymers.
Next to the alcoholysis of the network into soluble molecules, the remolding of TMMP-TMTGE particles was also targeted. Therefore, TBD was incorporated into particles via a swelling method, in which particles (4.0 g) were dispersed in acetone (30 mL) containing TBD (0.4 g), followed by evaporation of the acetone in vacuo. The particles containing TBD (Fig. 11A) were then pressed for 1 hour in a mold at 180
C to obtain a rectangular plate (Fig. 11C) . Finally, the T g s of both the bulk polymer obtained by the solvent-assisted pressure-free method and the particles aer hot pressing were investigated by DSC.
Only a small increase in T g is observed in both cases (Fig. S6 †) , which might be explained by a further curing or some oxidation, for example during the heating. 60 In summary, these particles were shown to be reprocessable to bulk materials with similar thermal properties to the pristine network via either a solventassisted approach or pressing at elevated temperatures.
Functionalization of thioether particles
A signicant feature of the step-growth mechanism that was applied for the synthesis of particles via a thiol-Michael-or thiol-isocyanate-based heterophase polymerizations, was the facile functionalization via an off-stoichiometric amount of reagents. However, in the case of the investigated thiol-epoxy dispersions, an off-stoichiometric reaction did not generate functional particles at all, even with a thiol or epoxy excess of 30%, as evidenced by FTIR analysis (Fig. S7 †) . The reason for this phenomenon can be found in the strong base that is used for the polymerizations, which can convert the excess of thiols to disuldes when no degassing or inert atmosphere is applied, 61 while the excess of epoxides can also react with the dispersion medium (iPA) in an alkaline environment. Therefore, we attempted to add the functional monomers together with thiol and epoxy monomers at the initial stage. As shown in Fig. 12A , the peak at 2120 cm À1 proved the successful incorporation of an alkyne in the particles via the reaction of propargyl acrylate (PA) with the thiol under base catalysis. On the other hand, a uorescent dye was also successfully linked to the particles using a uorescein isothiocyanate (FITC) isomer, as evidenced by the uorescence microscopy image in Fig. 12B . Nevertheless, this method could not be generally applied for a broad range of functionalities, since the nucleation stage was easily disturbed by functional monomers. For example, only occule and aggregates were obtained in an attempt to attach a uorinated acrylate (THPFA) to particles. This problem might be solved in the future by applying a one-pot multi-step dispersion, a technique that is currently under development in our labs, in which functional monomers are added aer the nucleation stage to avoid the aforementioned nucleation issues.
Conclusion
In summary, uniform hydroxythioether particles have been prepared via a base-catalyzed thiol-epoxy dispersion polymerization for the rst time. The step-growth nature of this process makes the preparation quite efficient and easy to operate with a low energy input. The inuences of stabilizer and monomer concentration, as well as the type of catalyst and solvent on the particle preparation were systematically investigated. Next, the critical limitations of hydroxythioether-based particles including insufficient rigidity and low T g s could be signicantly improved by oxidation of the thioether bonds to sulfoxides and sulfones with simple methods and cheap oxidants. Moreover, the ester and secondary hydroxyl groups in the particles allow the recycling of the cross-linked polymer when a proper catalyst is incorporated, which greatly reduces environmental pressure and increases the utilization efficiency. Finally, functionalities could be introduced in the particles by simply adding a functional monomer to the mixture of multivalent thiol and epoxide. This work provides a simple, efficient and promising method for the preparation, reinforcement and recycling of polymer particles, and is expected to become a strong tool for further research and industrial applications.
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